I. INTRODUCTION
A VOLTAGE-CONTROLLED oscillator (VCO) is one of the most important building blocks in communication transceivers. Many research efforts have been devoted to fully integrated VCOs in 0.8-2.5 GHz for mobile communication systems such as personal communications systems (PCSs), global systems for mobile communications (GSMs), IMT2000, and 5-6 GHz for wireless local area networks (LANs) (UNII band) and high-performance LAN (HYPERLAN). Recently, VCOs that cover over 10-GHz hold a key post in areas of satellite communications, local multipoint distribution services (LMDSs), wide-band LANs, and clock data recovery (CDR) circuits [1] - [3] .
The design considerations of a VCO include phase noise, tuning range, output power, and chip size. The phase-noise issue of a VCO is becoming more important above the -band due to poor quality factors of integrated LC tanks. Despite numerous efforts to increase the quality factor of LC tanks, not much attention has been paid to negative cells, which are underrated. The negative cell can be implemented by two different structures mostly in the -band. One is a differential voltage-controlled oscillator (D-VCO) and the other is a balanced voltage-controlled oscillator (B-VCO). The D-VCO is a conventional cross-coupled differential configuration that has been widely adapted in low gigahertz regimes due to its simplicity and differential operation. The D-VCO is immune to the common mode noise generated from active devices, supply, and substrate. On the other hand, the B-VCO is derived from a Colpitts configuration [4] - [7] , which has been used in millimeter-wave regimes. In order to take the advantage of common noise rejection, two Colpitts VCOs are balanced to operate with an opposite polarity in the B-VCO [7] - [10] . This can employ the merits of a Colpitts VCO such as high output voltage swing and high-energy efficiency, as well as low common-mode noise.
The two different topologies have been compared [11] - [17] . They offer a little insight into the phase noise of the VCOs. This paper presents the more theoretical analysis, as well as measured results of the negative cell in the two topologies. The analysis with noise models is given in Section II and experiment results are addressed in Section III.
II. VCO TOPOLOGY COMPARISON

A. Tank Voltage
The tank voltage of a VCO has a great effect on the phase noise of a VCO as inferred from the phase noise model proposed by Lesson [18] as follows: (1) where is the Boltzmann's constant, is the absolute temperature, is the LC-tank resistance at the oscillation frequency , is the offset frequency, is the voltage amplitude in the LC tank, is the quality factor of the tank, and is the empirical fitting parameter. The phase noise is inversely proportional to the tank amplitude. The amplitude can be increased by an increase of bias current, while active device noise is increased. It is important to make a VCO operate with high tank voltage while minimizing the bias current. The relation between the tank voltage and bias current depends on how to make a negative-conductance cell. base bias feeding. When the operation frequency is low, the current waveform appears in a rectangular form so that the tank voltage in each collector is , where is the tail current and is the resistance of the LC tank at the oscillation frequency. However, as the operation frequency increases, the current waveform becomes sine-wave like. Hence, in the -band, the tank amplitude can be written as (2) In the B-VCO, the self-capacitive feedback from collector to emitter is used to form a positive feedback due to the same polarity at the collector and emitter voltages. The tank amplitude is determined by the feedback capacitor ratio [19] ( 3) where is the capacitance ratio . Actually, includes the base-emitter parasitic capacitance. The ratio is nominally approximately 1/4. Considering (2) and (3), the tank voltage of the B-VCO can be larger at the same tail current .
To oscillate a VCO, the magnitude of the negative resistance has to be equal or larger than that of the LC tank. To decrease the noise of the transistor or increase the tank amplitude, the cell should have the large negative resistance at a small tail current. To compare the magnitude of negative conductances of the two topologies at the same tail currents, the negative conductance cells are simulated in Agilent ADS, as shown in Fig. 2 The negative conductance in the balanced topology is much smaller than that in the differential one at low frequency. The differential one is suitable in low frequency. However, the conductance in the balanced topology is larger than that in the differential one above 11 GHz, as shown in Fig. 3 . The conductance in the balanced topology is 30% higher than that in the differential topology at the optimum point. Thus, the balanced VCO can oscillate in a lower tail current at the high frequency. The balanced VCO has the larger amplitude in the same tail current than the differential VCO. These coincide with (2) and (3).
B. Noise Analysis
Phase-noise simulations include a nonlinear large-signal model and harmonic-balanced simulation [19] . Although these are available to predict the accurate phase noise, these are too complex to understand the VCO operations and phase noises. The linear phase-noise model is a simple approach that gives good insight into phase noises [17] . The phase-noise performances of two types of VCOs are compared to understand the effects of circuit topologies with a linear model.
In a bipolar junction transistor (BJT) including a heterojunction bipolar transistor (HBT), the physical model has three main noise sources. The first is the base resistance noise , which is thermal noise. The second is the shot noise from collector current . The last is shot noise from the base current and flicker noise as follows: (4) where is the base current, is the collector current, is the base resistance, is the flicker noise factor, and is the flicker noise exponent. All the noises can be thought to be independent of each other because they arise from spatially separated and independent physical mechanisms [20] . Fig. 4 represents linear models of two different topologies. The transistor model includes the aforementioned noise source. The LC tank noise is also included. For simplicity, the collector-base capacitances , base resistances , and noise from a current source are neglected.
Since these small-signal analyses contain all possible noise sources, the noise in the two types of VCOs can be compared in the linear regime [21] . If the transistors, and in the differential pair in Fig. 1 are identical, then the differential tank amplitude is described by the superposition of all the noise sources (5) where , , , and indicate the noise contributions coefficients. Since each noise sources are uncorrelated, the total power spectral density is calculated by summing up all the noise powers as follows: (6) The factor of "2" in each term inside the parentheses accounts for the differential nature of the circuit. The factor of "1/2" outside the parentheses is due to the noise transfer.
The tank amplitude of the differential topology is derived from the linear model, as shown in Fig. 4(a) , and as follows: (7) where (8) At frequencies close to the oscillation frequency , the denominator in (7) is close to zero. Since the second term in approaches zero at steady oscillation state, is represented by (9) Even if at the open loop, at the steady state because and . In the same manner, the tank amplitude of the balanced topology is derived from the linear model as shown in Fig. 4(b) , and as follows: (10) where (11) At the steady state, is satisfied due to (9) . Under this condition, (10) is simplified as (12) and the denominator become the same as as follows: (13) When the oscillation frequency and bias current are identical in both the D-VCO and B-VCO, noise contributions from all the noise sources can be compared for both VCOs noting (7) and (12) . The ratio of the noise power from the collector current noise is given by of of from (14) This is simplified into a function of feedback capacitance ratio . The tank current in the B-VCO supply charges to . Since the charge in is increased as is increased, the contribution of a collector current noise is also decreased and the phase noise in the B-VCO can be lowered as compared to the D-VCO. However, the value of is limited by . The noise powers attributed to the tank noise, and the base current and voltage noises are compared in (15)- (17) (17) The noise contribution ratios from other noises are calculated in (15)- (17) . It is found that there is no topological advantage in the comparisons for base current noise, flicker noise, base voltage noise, and tank noise. It also has to be noted that most of the noise power is attributed to collector current noise. The B-VCO is more immune to active device noises. The VCOs was tested on on-wafer. The output spectrums and phase-noise performance were obtained by an HP8764E spectrum analyzer and the phase-noise measurement kit. The cable loss including a probe tip in measurement setup is approximately 2 dB at 13 GHz. The oscillation frequency of the B-VCO is higher than that of the D-VCO because the capacitance in the collector-base junction of the negative conductance cell lowers the tank resonance frequency in the D-VCO. The oscillation frequencies are 12.3 and 13.5 GHz, respectively. The B-VCO provides high output power of 0 dBm per side with the core current of 12 mA and the buffer current of 12 mA. While the D-VCO shows the lower power of approximately 1.5 dBm with a 16-mA core current and 12-mA buffer current. The core current is controlled by the external bias and is optimized for low phase-noise performance. The tank voltage inferred from the output power is higher in the B-VCO, although the D-VCO core circuits consume more current than that of the B-VCOs. It reveals that, in the -band, the balanced topology can gives larger negative conductance than the conventional differential topology.
III. EXPERIMENTAL RESULTS
The single-sideband carrier-to-phase-noise ratio (SSCR) of the D-VCO at the lowest tuning voltage are 88 and 111.8 dBc/Hz at 100 kHz and 1 MHz off carrier, as shown in Fig. 6 . The SCCRs of the B-VCO at the lowest of tuning voltages show 2-3 dB better and are 90.5 and 113.8 dBc at 100 kHz and 1 MHz off carrier, as shown in Fig. 7 .
The tuning ranges are 600 and 800 MHz for the D-VCO and B-VCO, respectively, as shown in Fig. 8 . Output power variations are less than 1 dB with the varactor control bias from 0 to 2.5 V for both VCOs. Even though the core current of the B-VCO is small, output power of the B-VCO is approximately 1.5 dB larger than that of D-VCO. This coincides with the theoretical analysis in Section II. The tuning range of the B-VCO is larger than that of the D-VCO even though all components in both VCOs are identical. This is because the bias current in the B-VCO is low and the parasitics of the B-VCOs transistors is smaller than that of D-VCO. Due to small parasitics, the oscillation frequency of the B-VCO is also higher than that of D-VCO. The VCO performances are summarized in Table I .
IV. DISCUSSION
The main difference of the D-VCO and B-VCO is the capacitive-feedback mechanism, as shown in Fig. 1 . Even though the feedback factors and all components are the same, the phase noises, as well as the negative conductance of two VCOs, are different.
In Section II, two merits of the B-VCO are compared with the D-VCO.
One is the high tank voltage, which comes from high negative conductance in the negative cell. The tank amplitudes are expressed in (2) and (3). In our VCO designs, is set to be 1/4. By comparing two equations at the same tank voltage, the D-VCO requires approximately a 30% higher tail current than the B-VCO with the same bias current. This coincides with the simulation results in Fig. 3 .
The other is low noise contribution in the resonator. It needs a larger current until the tank voltage swing reaches a voltage-limited regime compared to the B-VCO since higher tail current is accompanied by high noise current, which is up-converted near the carrier frequency. Even though transistor noises are identical, the shot noise of the collector current is reduced by the feedback ratio in the B-VCO. Thereby, the D-VCO has the higher phase noise. For comparison, the phase-noise performances of other VCOs realized on the different technologies are plotted in Fig. 9 .
Aparicio and Hajimiri [8] compare the effective impulse sensitivity functions (ISFs) of the D-VCO and B-VCO using cyclostationary noise properties. They address that the effective ISF of the conventional D-VCO is more nonsymmetrical than that of the B-VCO, therefore, the B-VCO has better phase noise performance than the D-VCO.
To decrease the phase noise, the higher tank amplitude and lower noise contributions from transistors are needed. The linear noise model in Section II cannot explain the cyclostationary noise, but it can give good insight into the tank amplitude and noise contributions. It is expected in Section II that the phase-noise performance of the B-VCO is superior to that of the D-VCO. This coincides with the experiment results in Section III.
It is not easy to compare the performance of different VCOs. The oscillator design entails consideration of phase noise, power consumption, oscillation frequency, tuning range, etc. The widely used definition of the normalized figure-of-merit (FOM) is [22] as follows: (18) where is an oscillation frequency, is an offset frequency, is the measured phase noise, and is the power consumption in a VCO core. Although it does not include any information about the tuning range and output power, it gives good comparative insights into the VCO performances.
The FOM of the B-VCO and D-VCO is 181 and 177 dB, respectively. The FOM of the B-VCO is 4 dB higher than that of the D-VCO when all components of two VCOs are identical. It is better or comparable to the state-of-art VCOs implemented on CMOS or SiGe HBT technologies, as shown Fig. 10 .
V. CONCLUSION
Noise performances of the balanced and differential VCOs have been studied using analytical noise models. This shows that the B-VCO gives higher tank voltage at the same tail current and has higher immunity to the noise sources of active devices. It has also been determined that the collector-current-noise contribution on the output signal can be diminished by increasing the voltage feedback ratio in the B-VCO.
Two types of -band VCOs are realized on the InGaP-GaAs HBT technology. The B-VCO has shown lower phase-noise performance than the differential VCO, as expected in the noise analysis. The B-VCO and D-VCO achieve the phase noise of 113.8 and 111.8 dBc at the offset frequencies of 1 MHz from the oscillation frequency of 13.5 and 12.55 GHz, respectively. This coincides with the theoretical analysis that the phase-noise performance of the B-VCO is superior to that of the D-VCO at the same tail current.
